The problem of determining the porous silicon (PSi) optical constants, thickness, porosity, and surface quality using just reflectance data is board employing evolutionary algorithms. The reflectance measurements were carried out of PSi films over crystalline silicon (c-Si) substrate, and the fitting procedure was done by using a genetic algorithm. The PSi is treated as a mixture of c-Si and air.
Introduction
Porous silicon (PSi) is a nanostructured material [1] obtained by electrochemical etching of crystalline silicon (c-Si). In the case of p-type c-Si, microp-orous can be obtained (< 2 nm) if the resistivity of the sample is more than 0.1 Ω cm, mesoporous ( 2 − 50 nm) for heavy doped c-Si with resistivity between 0.1−0.001 Ω cm [2] . For n-type c-Si with 0.1-0.01 Ω cm mesoporous are formed, while for more resistive n-Si macroporous formation (> 50 nm) is present [2] . Therefore, it is possible to tune the PSi electrical and optical properties through the porosity by using a combination of fabrication parameters such as the current density, electrolyte composition, temperature [2, 3, 4] , thermal oxidation [1] , among others extrinsic and extrinsic parameters.
PSi has a high surface area, diverse surface chemistry [5] , porous morphology [6] , high-efficiency photo-and electro-luminescence [7, 8] , as well as piezoelectric [9] and piezooptic properties [10] . Furthermore, PSi has effective optical properties that depend on the material that can fill the pores. The characteristics mentioned above make the PSi an interesting material for chemical sensing [11] , biological applications [12] , photonics, and optoelectronics [12] .
It is common to use ex-situ techniques such as scanning electron microscopy (SEM), atomic force microscopy (AFM) [1] , profilometry, and gravimetry [13] to characterize PSi properties. In some cases, the probe can be destructive.
Other works are focused on describing the kinetics of the chemical reaction and following the formation of the porous film in real time to determine some properties of PSi in-situ [3, 4, 7, 13, 14, 15] . For any application of the PSi, a completed knowledge of PSi optical properties is required, interface quality, thickness, and porosity. Optical transmittance and reflectance are good options because they are non-destructive techniques and provide rapid and accurate information of optical properties of c-Si and PSi in the visible range [16] .
The calculation of the optical constants (refractive index n(λ), and extinction coefficient, k(λ)) is usually made by fitting the reflectance or transmittance spectra. However, the methods are not trivial, in fact, they represent an inverse problem. This problem of estimating optical constants and thickness using only transmittance or reflectance data has been addressed by using fitting procedures and optimization algorithms. However, in the case of PSi, due to the nature of the random porous formation, it is necessary to consider other parameters such as porosity and interface roughness because this variety of inhomogeneities causes light scattering. These inhomogeneities and roughness are no longer negligible, and they can introduce a significant error in the determination of the optical constants [17] .
Optimization algorithms solve this kind of problems, especially evolutionary algorithms because they can avoid local minima following many search pats simultaneously [18, 19, 20, 21] . Torres-Acosta et al. [18] used a selfadaptive genetic algorithm to determine optical constants and thickness of PSi films in the visible range (400-800 nm). However, the fitting procedure used a parametrization of the real part of the refractive index and it did not consider the porosity and roughness of the PSi film. Nevertheless, it is possible to use the same methodology to introduce the porosity and interface roughness, fit the reflectance spectrum and to determine the optical constants.
To add the porosity percentage and roughness interface, the electrical permittivity of PSi can be described as an effective medium. This method takes into account the system as a mixture composed by a host medium withˆ m (c-Si) with inclusions within it, characterized byˆ i , which allows the determination of the optical properties in the linear regimen. Thus, the PSi is modeled as an effective medium [22, 23] that is the result of a mixture of c-Si and the material that fill the pores that can be a gas or liquid.
To overcome this problem, this work proposes a methodology based on genetic algorithms to fit the near-specular reflectance (6 • incidence) spectrum of single films of PSi over the c-Si substrate. A simultaneous determination of PSi properties such as optical constants, thickness, porosity, and interface roughness is made only by using reflectance measures. The system is considered as a silicon (c-Si) single crystal, and by using an effective medium approximation (EMA) the algorithm can determine the refractive index η(λ), extinction coefficient κ(λ), PSi thickness, interfaces RMS roughness (σ) (Air/PSi and PSi/Si substrate) and the porosity. The model is tested by using several films of ptype Si fabricated with different anodization times. Also, the thickness of the PSi samples was determined by the genetic fit and compared with the thickness obtained by electron scanning microscopy (SEM) images.
Experimental section

Porous silicon fabrication
Four PSi films were fabricated by electrochemical etching using hydrofluoric acid (HF) in aqueous media. Heavy boron doped Si (p ++ ) with 0.005 Ω cm of resistivity and [100] crystalline orientation it was used. The samples were cut into squares and cleaned by the RCA standard method. The etching was carried out by using an electrolyte composed of HF/ ethanol in 3:7 volume ratio and a regimen of a constant current of 20 mA/cm 2 . The porous formation was followed by photoacoustic using the methodology proposed by RamirezGutierrez et al. [7, 3, 4] . Each sample was fabricated under the same conditions (current density, temperature, and electrolyte composition). The etching time was the changed parameter. Sample S1 was etched for 28 s, S2 for 56 s, S3 for 84 s, and S4 for 112 s.
Near specular reflectance
Optical characterization of PSi films was carried out using a Perkin Elmer UV-Vis Spectrophotometer Lambda 35 in the near-normal (6 • ) relative specular reflectance mode from 1100 to 210 nm range. The spectrophotometer was selfcalibrated using an aluminum mirror, and the samples were measured over the Si substrate. It means that the reflectance is the optical response of the PSi thin film Si substrate (PSi/Si structure).
The spectra were corrected following the Eqs. 1 and 2 to obtain the absolute reflectance. where R(λ) is the absolute reflectance of the sample (PSi/Si-structure), R transf er is the transfer function of the spectrophotometer built trough theoretical reflectance of Si (R (Si)
T eo ) and the measured reflectance of a Si substrate (R (Si) relative ).
Morphological studies
After the optical characterization, the samples were cut to determine the films thickness. A MIRA3 TESCAN microscopy was used with a 5.0 kV electron acceleration voltage. Before the analysis, samples were fixed on the holder with copper tape. The samples were not covered with gold before the SEM analysis. Besides, on the Fig. 1 it is appreciable that the porous has not flat termination and exhibits lateral branching.
Thin-film calculations
The method of the optical admittance is valid in the case of a linear regimen, that is very convenient because the optical constants can be expressed regarding dielectric constant of the medium (ε = ε 1 + iε 2 ) as follows:
The Eqs. 3 are useful because the dielectric constant of two-component materials (host and filling material) can be expressed through the effective medium approximation (EMA) [22, 24] , where the volume fraction of the filling material is directly related with the porosity. For these simulations, it was proved the Maxwell-Garnett, Bruggeman, and Looyenga EMA formulas. However, due to the porous morphology is recommended to use Looyenga EMA formula (Eq. 4) [24] , because it does not considered a regular geometry of the incrusta-
Si + pˆ 
To determine the reflectance of multilayers systems, the optical admittance method [25] introduces the transfer matrix S of the complete system through the multiplication of the refractive matrix W i−1,i of each interface and phase matrix U i of each single film, where their components are expressed regarding the Fresnel coefficients. This notation indicates that i-th interface is the i-th material to the right of the interface and it is numbered as is shown in Fig. 2 .
where r Ri,Li (0) and t Ri,Li in the Eq. 6 introduce the RMS roughness (σ i ) of the i-th interface.
The c i−1,i parameter is related with the light polarization given by
The phase matrix is defined by Eq. 8, whereN i is the complex refraction index and d i is the medium thickness.
Finally, the transfer matrix of the multilayer structure is defined as
and the reflectance and transmitance are determined by
This method permits to calculate the total response of multilayer systems based on porous silicon (PSi) such as distributed Bragg reflector (DBR) [26] or resonator cavities.
Genetic fit
The genetic algorithm used in this work is useful to determine the optical constants, porosity, roughness, and thickness of PSi by using its reflectance spectrum and an effective medium approximation [22, 24] . In the case of absolute reflectance of thin films stacks, the optical response is dependent on several optical and structural parameters. Here, each parameter will be a gene, and the complete array of this genes is the chromosome (V) that is defined as follows
where p is the porosity, d the PSi thickness, σ 0 the roughness in the interface air/PSi, and σ 1 the roughness in the interface PSi/Si. The parameters defined in the chromosome are used to calculate the theoretical reflectance spectrum (R G (λ)), and it is compared with the experimental (R exp (λ)) trough the penalty function (Eq. 12). R exp (λ) is the absolute reflectance of PSi/Si structure obtained by using Eq. 1. Thus, the method to estimate the parameters related in the chromosome (Eq. 11) is a problem of least squares fitted between as a measured and theoretical reflectance.
The values of some genes are constraints [19, 20] in order to guarantee values with physical sense. Indeed, the initial population and the next generations have to satisfy the condition of the Eq. 13.
The genetic algorithm used for this calculations is described in the next steps and it is based on the works of references [18, 19, 20 ].
1. Population: a number of J P0 individuals (chromosomes) are created by choosing a random value for every single gen. The values of genes have to satisfy the constrain conditions (Eq. 13).
2. Reproduction: each individual V f ather has given a number K of f offspring. For that, another individual of the same generation called V mother is select randomly. The offspring is given by two reproduction ways determined with ρ probability.
where ρ 1 is the probability of inheriting the father's gene and r is a random number used to decide it.
3. Mutation: a certain number of individuals are mutated to introduce new genes in order to avoid local minima. The mutation is generated in the chromosome as following:
where τ is a weight function parameter and N (0,1) is a random value from a normal distribution.
4.
Family competition: every chromosome is used to simulated the reflectance spectrum by using the Looyenga EMA rule (Eq. 4) and the optical admittance method (Eqs. 9 and 10). The penalty function (Eq. 12) is evaluated for each individual. After, the family competition starts. The individual who has the best fit is the best adapted, it survives to the next generation and becomes a new father. If the new generation gives back a better fit, the mutation value τ is reduced by a factor f . Finally, the steps mentioned above are repeated a J G0 times. The value J G0 is the number of generations, and the individual with the lower value of penalty function represent the bets adapted and is the solution to the problem.
Results
Using the genetic fit, some results from the analysis of measured reflection signals are presented. For all simulations, a J P0 = 50 individuals were used for each generation with K of f = 15 offsprings during J G0 = 100 generations. The parameters obtained were the films thickness, porosity, interface roughness, and etch rate. Further, a comparison between thickness obtained by a genetic fit and by SEM is given. Fig. 3 shows the experimental and the best fit of the reflectance spectrum for each sample, and table 1 shows the value of the fitting parameters obtained.
In all samples, the current density during the anodization was 20 mA/cm 2 .
It means, due to the self-limited character of the reaction [27, 28] the porosity has to remain constant for short anodization times. This fact can be noted in the value of the porosity in table 1. As it was reported elsewhere, the etch rate is almost constant [2, 4] . Therefore, it is expected that the thickness of the samples S2, S3, and S4 are closely an integer multiple value of the thickness of sample S1. As can be seen, the thickness obtained by genetic fit is close to the obtained value by SEM. However, in all cases, the genetic fit reports lower values than SEM. Even so, the obtained values for genetic fit are in the uncertainty range of the SEM technique, that for this case is ±10 nm. The main effect of the interface roughness is the loss of reflected intensity due to the scattering. Also, the branching of the porous can contribute to the scattering. This effect can be appreciated in Fig.3 where the genetic fit it was ran without roughness correction ( blue dash line). It is clear that the best fit has always a higher intensity than the measured reflectance because the scattering is neglected.
As SEM images show (Fig. 1 Finally, Fig. 4 shows the evolution of the penalty function during 100 generations (Eq. 12). The behavior of the penalty function shows that the algorithm finds the solution during the first generations. After that, the algorithms stay in a local minimum even if the mutation parameter increases. This means that there is a bottom edge that the genetic fit cannot overcome. The fitting results of this methodology is dependent on the quality of the measured spectrum and the EMA model used to simulate the theoretical reflectance. 
Conclusions
By using the algorithm described in the section 4, the optical parameters of four PSi thin films was determined. The algorithm determines the porosity, thickness, and interface roughness simultaneously. In this case, the anodization current remained constant at 20 mA/cm 2 and the etching time was changed in order to determine the etching rate and the evolution of the interface roughness.
It was found that under the etching conditions used for these experiments, the self-limited character of the reaction is kept, and the average porosity and etch rate are constants.
PSi has no stable surface because it has a diversified chemical surface it is always recommended to correct the reflectance measurements by using a reflectance pattern, in this case, the reflectance spectra were corrected by using the theoretical reflectance of c-Si to obtain the absolute reflectance. Finally, this methodology represents a powerful tool to determine the optical and morphological parameters of PSi thin films just by using the reflectance spectrum in the UV-Vis range that represents an advantage over microscopy techniques or ellipsometry.
